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Abstract 

We have analyzed the atomic arrangements and quantum conductance of silver nanowires gen- 
erated by mechanical elongation. The surface properties of Ag induce unexpected structural prop- 
erties, as for example, predominance of high aspect ratio rod-like wires. The structural behavior 
was used to understand the Ag quantum conductance data and the proposed correlation was con- 
firmed by means of theoretical calculations. These results emphasize that the conductance of metal 
point contacts is determined by the preferred atomic structures and, that atomistic descriptions 
are essential to interpret the quantum transport behavior of metal nanostructures. 
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The physical interpretation of the presence of flat plateaus and abrupt jumps on the elec- 
trical conductance of metal nanowires (NWs) has been controversial, because its discrete 
nature has been either attributed to electron channels ^ or to structural rearrangements 
Since the beginning of this research field, the basic experiment for studying the NW 
conductance has been based on the elongation of junctions or point contacts while mea- 
suring their electrical properties. In fact, it has been extremely difficult to discriminate 
between structural and electronic effects in a NW elongation experiment, because both are 
simultaneously modified during the measurement P]. 

Recently, the application of time-resolved High Resolution Transmission Electron Mi- 
croscopy (HRTEM) in the study of gold NWs has revealed the existence of suspended atom 
chains (ATCs), whose conductance was measured to be equal to the universal quantum. 
Go = 2e^//i (where e is the electron charge and h is Planck's constant) 0. Subsequently, 
a broader correlation between atomic structure and conductance has been derived for Au 
NWs 1^ where a simple extension of the Wulff construction ||^ was used to predict the NW 
morphologies based on the crystallographic directions. For example, it is well-known that 
the Au compact (111) facets are preferred and, then, nanosystems evolve to expose mainly 
these low energy facets 0. 

Although significant progress has been done to understand NW properties, most of the 
reported studies are actually based on gold (see recent review in |]I|]). Moreover, the majority 
of the available evidence is derived indirectly on the basis of average statistical behaviors 
IP, . To get a deeper and more general insight it is necessary to analyze still other model 
systems, as for example, different monovalent metals (to easily describe the conductance) 
and, if possible, with different surface properties (in order to induce different NW structures). 
Silver represents an excellent point in case, because it is a face centered cubic (fee) metal with 
a lattice parameter similar to that of gold, nonetheless, the silver minimal energy facets are 
(100) oriented [|l^. It must be emphasized, that the higher reactivity of silver has hindered 



detailed studies of quantum conductance (QC) in such system [[TT 



In this work, we have used two independent experimental methods to analyze silver 
NW structures and their conductance, finding that the observed Ag NW properties differ 
strongly from the previously studied systems. Theoretical predictions have been used to 
consistently correlate the structural and QC behavior. The results provide new information 
to understand the conductance properties of nanosystems. 
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We have generated the silver NWs in situ in a HRTEM using the procedure reported 



by Kondo and Takayanagi ||T^, who were able to produce NWs by making holes in a metal 
self-supported thin film. The silver film was polycrystalline (5 nm thick, average grain 
size 50-100 nm); a detailed description of this experimental procedure was given previously 
0, |T^. The HRTEM observations were performed using a JEM 3010 URP with a 0.17 nm 



point resolution (LME/Lab. Nac. Luz Sfncrotron, Campinas, Brazil). All imaging work 
was acquired close to Scherzer defocus [|l4l , and the presented images were generated by the 
digitalization of video recordings (30 frames/s) acquired using a high sensitivity TV Camera 
(Gatan 622SC). This kind of in situ HRTEM NW study has been previously performed with 
high efficiency on gold and platinum |0, |, 12, 13, |l^, |l^, 17, 1^. However, silver NWs have 
been much more difficult to image with similar quality. Firstly, due to the lower atomic 
number the generated contrast is much weaker; secondly, Ag NWs display a much faster 
evolution, rendering difficult the real time image acquisition. 

The electrical conductance of silver NWs was measured with an independent and ded- 
icated instrument: a Mechanically Controllable Break Junction (MCBJ) ||19| operating in 
ultra-high- vacuum (UHV) |^| (< 10^^ Pa). In this method, a silver wire (0 = 75 /im, 
99.99 % pure) is broken in situ in UHV and NWs are generated by putting into contact 
and subsequently retracting these clean surfaces. The electronics is basically composed of a 
home-made voltage source and a current- voltage converter coupled to an 8 bits digital oscil- 
loscope (Tektronic TDS540C). The acquisition system input impedance and time response 
were optimized to perform conductance measurements in the [0-4] Go range with a relative 
error of AG/G ~ 10~1 

The time-resolved HRTEM observations of silver NWs have revealed some striking and 
unexpected structural behavior, which contrast strongly with the results reported for gold 
1^, |, |12|, |13|, [l^. In particular, high aspect-ratio rod-like NWs along the [110] direction 
(hereafter noted as [110] NW) are the most frequently observed morphology. As an example, 
in Fig. 1, we show a series of snapshots of a complete elongation/thinning process of a pillar 
shaped NW. Initially, the rod is formed by 5 (200) atomic planes (thickness ~ 0.8 nm. 
Fig. la), losing sequentially one atomic plane at a time to attain a three layer thickness 
(~ 0.4 nm. Fig. Ic). Subsequently in Fig. Id, the right side of the wire becomes thicker, 
while the left side maintains the same width (~ 0.4 nm) as in Fig. Ic. However, this left 
sector shows a quite different contrast pattern, the HRTEM image shows darker dots for 
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FIG. 1: a-f) Atomic resolution micrographs showing the elongation and thinning of a rod-like silver 
nanowire (see text for explanations); g) HRTEM image of a high aspect-ratio pillar like NW (width 
~ 0.4 nm and length is ~ 5 nm); h) HRTEM micrograph of silver suspended atom chain. Atomic 
positions appear dark. 

the external planes (tube-like), whereas the central layer contrast is much weaker. Finally, 
before breaking, the minimal observed size for this morphology consists of two (200) atomic 
planes (~ 0.2 nm wide. Fig. le). All the lattice fringes and angular relations observed in the 
HRTEM images of Ag NWs can be fully described by means of the bulk silver fee structure. 
It is important to note that NWs showing the tube-like contrast pattern are frequently 
observed in the experiments and the underlying atomic structure seems to be particularly 
stable because they can attain aspect-ratios > 10 (see example in Fig. Ig). In addition, 
the final length of these tube-like NWs is not determined by the initial size, as evidenced in 
Fig. la-f. In fact, in many cases, we have observed that when the wire attains this peculiar 
structure (or contrast pattern), the apexes retraction cause the NW to elongate by a factor 
~ 1.5-3 without thinning. This lengthening reflects the enhanced strength of this atomic 
configuration. 

As for the existence of silver suspended atom chains, our results confirm that they do 
occur, nevertheless they are much less frequently observed than in our previous studies 
of gold and platinum NWs [§, |T^, 0. In fact, they are only seen when one of the 
junction apexes is oriented along a [100] direction. These ATCs are 2-4 atoms long with a 
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bond length in the 0.33-0.36 nm range. Both the lengths and bond distances are similar to 



previous reports on Au and Pt ATCs M, & llTl IT8|, pT|. However an important difference has 



been revealed by the dynamic HRTEM recordings, which have pointed out that silver [111] 
NWs display a fast and abrupt rupture preventing the formation of ATCs (within our time 
resolution). 

In order to deduce the three dimensional atomic arrangement of the nanowire from the 
HRTEM images (basically a bidimensional projection), the geometrical Wulff construction 
can be used. This approach yields the crystal shape by predicting the relative size of 
the lower energy facets of the crystal. Recently, it has been successfully applied to describe 
and model gold nanojunctions 0. Fig. 2 shows the application of the Wulff method to 
model the morphology of silver rod-like NWs. It is instructive to look first at the expected 
morphology of a silver nanoparticle, a truncated cuboctahedron with regular triangular (111) 
facets, where the relevance of (100) facets can be easily identified (see Fig. 2a)p2|. The 
cross section of a [110] silver NW can be derived by looking at this cuboctahedron along the 
[110] axis. Figs. 2b and 2c show the suggested cross-sections for the rod-like NWs seen in 
Figs, la and Ic, which are formed by 5 and 3 (200) atomic planes, respectively. These rods 
are generated by the alternate stacking of two different planes containing 11 and 8 atoms 
(marked 11/8, and displayed with different colors in Fig. 2b) for the thicker NW and 4/3 
atoms for the thinner one (Fig. 2c). When these rods are observed along a [1-10] axis (as 
in the experiment), we observe the bidimensional projection indicated as side views in Fig. 



2. In a first approximation, at the Scherzer defocus [|IJ] and for such a thin object, the 
expected contrast at each atomic column position should be proportional to the projected 
atomic potential or, in other words, the number of atoms along the observation direction. 
In Fig. Id, the NW contrast is tube-like, with the external planes much darker than the 
central one. Thus, on the light of the preceding argument, the central atomic columns 
should contain less atoms than the border ones. The only way to fulfill these conditions, by 
thinning the 4/3 rod (Fig. 2c), is to build a 4/1 NW (see Fig. 2d). Finally, the thinnest 
Ag [110] NW, shown in Fig. le, consists of two atomic planes. Two atomic arrangements 
may yield the observed contrast: a 2/1 structure with a triangular cross-section (Fig. 2e), 
or two parallel atom chains marked as 1/1 in Fig. 2f. The signal-to-noise ratio in the image 
does not allow us to identify which one is observed in Fig. le. Recently, Hong et al [123 
have reported the preparation of Ag [110] rod-like NWs within porous matrix by means of 
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FIG. 2: a) Application of the Wulff construction to determine the shape of silver nanoparticles. 
b-f) Scheme of possible atomic arrangements for rod-like Ag NWs; we show the NW cross-sections 
and also, side views (observed along the horizontal arrow in b). 

wet chemical methods. However the generated structure (which can be described as 2/2 
following our notation) has not been observed in the free standing Ag NWs studied here. 

The discussion presented above allows the deduction of the atomic structures for the 
NW morphology that have been most frequently observed during the HRTEM studies. It 
is now tempting to correlate the preferred atomic arrangements with the quantum conduc- 
tance properties. Fig. 3 shows typical conductance curves of Ag NWs (see inset) and, a 
histogram of occurrence of each conductance value (global histogram [||]) obtained from 500 
conductance curves. This histogram shows large peaks at 1 Go, ~ 2.4 Go and ~ 4 Gq. It 
also displays major differences when compared to similar results reported for gold NWs 
In the first place, the 1 Go peak is not the dominant one §], in accordance with the 
HRTEM data that shows low occurrence of atom chains. Secondly, the absence of the 2 
Go peak (usually located at ~ 1.8 Gq in Au histograms |l[]) evidences that the structure 
of silver NWs should be much different. In addition, the large peak at 2.4 Gq displays an 
area approximately 2.5 times bigger than the peak close to 1 Gq. This fact suggests that 
this conductance is associated with a more frequently occurring structure, which has to be 
identified as the rod-like [110] NWs observed in our HRTEM experiments. Because the 
minimal observed [110] Ag NW should consist of two atomic layers (Fig. 2e), it is tempting 
to associate the conductance peak at ~ 2.4 Gq with this structure. 

Finally, to consistently correlate the experimental results of the conductance and struc- 
tural behaviors, we have performed theoretical conductance calculations for the structures 
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FIG. 3: Global histogram of conductance from Ag NWs. The main features are the peaks located 
at 1 Go, 2.4 Go and 4 Go. Inset: Typical conductance curves; note the plateaus connected by 
abrupt jumps. 

presented in Fig. 2. Based on the experimental data, it is clear that a proper theoretical 
description should take into account the atomic arrangement of the NW. For this purpose 



we have used an approach introduced by Emberly and Kirczenow ||2J] that is based on the 
Extended-Hiickel- Theory, the latter being employed to obtain the molecular orbitals (MO) 
of the Ag NWs p5|. The MO calculations take into account the s, p and d orbitals of the 
Ag atoms in the NW, as well as overlap and energy matrix elements extending beyond the 
first neighbor atoms. The electronic transport was described within the Landauer scatter- 
ing formalism [|l] . A whole description of the procedure has been presented elsewhere p6| . 



Fig. 4 shows theoretical calculations of the conductance for the different NW morphologies 
observed in the HRTEM images. The experimental results are to be compared with the 
conductance at the Fermi energy (Ep), which is indicated by the vertical line in the figure. 
The conductance curve oscillations in Fig. 4 are sensitive to the atomic positions, therefore 
an average of the conductance around Ep yields a more representative value of G that takes 
into account the atomic vibrations during the measurement. 

The calculations show that [100] Ag ATCs (interatomic distance 0.29 nm) display the 
expected conductance close to the quantum Go (Fig. 4a) 0, ||. The 1/1 rod, composed of two 
parallel atom chains, shows a conductance close to 1.8 Go (Fig- 4b), however, the Ag global 
histogram (Fig. 3) does not show a peak associated with this value and it must be concluded 
that this atomic arrangement does not occur in our experiments. As for the 2/1 [110] NW 
the model predicts a conductance at G{Ep) ~ 2.5 Gq that is in remarkable agreement with 
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FIG. 4: Theoretical calculations of the quantum conductance G as a function of the electron 
energy for different Ag NW morphologies: 2 atoms long ATC in the [100] direction; 1/1 (b), 2/1 
(c) and 4/1 (d) rod-like structures along the [110] direction. The conductance is plotted in units 
of Go and the vertical line indicates the Fermi energy. 

the main peak of the conductance histogram. These results show that the 2/1 structure is in 
fact the minimal rod-like silver NW (Fig. 2e). Finally, the conductance calculation for the 
4/1 rod with rectangular cross section yields G{Ef) ~ 3.8 Gq, which should be associated 
with the observed conductance peak at ~ 4 Gq- All the theoretical conductance values show 
an excellent agreement with the experiments, confirming the proposed correlation between 
HRTEM images and conductance histogram. 

In summary, we have been able to reveal the preferred structures of silver NWs generated 
by mechanical elongation and determine the conductance for each kind of NW. This corre- 
lation between structural and electronic properties was confirmed by means of theoretical 
calculations. These results represent a clear evidence of the need to determine precisely 
the atomic arrangement of NWs in order to analyze in detail their conductance behavior. 
Although the surface properties of silver suggested that Ag NWs should be quite different 
from gold ones, the 4/1 or 2/1 rod-like wire would have been rather difficult to predict. This 
fact emphasizes the importance of experiments allowing the direct determination of atomic 
arrangements in the field of nanosy stems. 
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